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Abstract
Two extensive plumes (combined area .1000 km2) have been delineated within the Ogallala aquifer in the Southern High
Plains, TX, USA. Salinity varies within the plumes spatially and increases with depth; Cl ranges from 50 to .500 mg l21.
Variable-density flow modeling using SUTRA has identified three broad regions of upward cross-formational flow from the
underlying evaporite units. The upward discharge within the modeled plume area is in the range of 1024–1025 m3 day21, and
the TDS concentrations are typically .3000 mg l21. Regions of increased salinity, identified within the Whitehorse Group
(evaporite unit) underlying the Ogallala aquifer, are controlled by the structure and thickness variations relative to the recharge
areas. Distinct flow paths, on the order of tens of km to .100 km in length, and varying flow velocities indicate that the
salinization of the Ogallala aquifer has been a slow, ongoing process and may represent circulation of waters recharged during
Pleistocene or earlier times. On-going pumping has had negligible impact on the salinity distribution in the Ogallala aquifer,
although simulations indicate that the velocity distribution in the underlying units may have been affected to depths of 150 m
after 30 years of pumping. Because the distribution of saline ground water in this region of the Ogallala aquifer is hetero-
geneous, careful areal and vertical characterization is warranted prior to any well-field development. q 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction
Salinization is a major concern in managing limited
water resources in arid and semi-arid regions. Such a
problem exists in the northern part of the Southern
High Plains of Texas, where saline plumes of
combined areal extent .1000 km2 are present in the
regionally important Ogallala aquifer. Two plumes lie
above the Panhandle oil and gas field in Carson, Gray,
and Roberts Counties, overlapping the Palo Duro and
Anadarko basins (Fig. 1). The southern plume is
referred to as the Carson-Gray Counties plume,
while the northern plume is referred to as the Roberts
County plume. Chloride concentrations within the
plumes range from 50 to .500 mg l21 and total
dissolved solids (TDS) from 400 to .2000 mg l21.
Salinization has affected water quality for both
domestic and industrial use, as well as the placement
of future municipal wells.
Saline ground water in the Carson-Gray Counties
plume was first reported by local residents prior to
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Fig. 1. Location of saline plumes in the study area. The chloride concentration contours are 50 and 150 mg l21. The Amarillo uplift is hachured, and the Amarillo Carson County
Well Field (ACCWF) is shown in a box. The stratigraphic cross-section along the bold line (A–A 0) is shown in Fig. 2. The numbers represent well locations. Modified from Eifler
and Barnes (1969), Mullican et al. (1997) and Mehta et al. (2000).
1926 (Long, 1961) and was mapped by McAdoo et al.
(1964). Mullican et al. (1997) developed a single-
layer ground-water flow model to evaluate recharge
scenarios (diffuse vs. focused) in the area of the
plumes, but did not address the salinity variations
within the Ogallala aquifer. Using end-member
mixing models with chemical and isotopic data,
Mehta et al. (2000) showed that the increased salinity
in the Carson-Gray Counties plume is largely unre-
lated to oil-field brines present in deep units. Instead,
salinization results from the mixing of isotopically
depleted, confined paleowaters with underlying salt-
dissolution zone waters, followed by upward
discharge into the Ogallala aquifer.
This study extends the findings of Mehta et al.
(2000) by attempting to: (a) delineate the nature of
flow processes involved in increased salinity; (b) eval-
uate the structural and stratigraphic controls on solute
transport; and (c) study the effects of on-going pump-
ing on water quality. Other studies of salinization
have focused on large salt lakes and disposal basins
(Rogers and Dreiss, 1995; Narayan and Armstrong,
1995; Simmons and Narayan, 1998), saltwater intru-
sion in coastal aquifers (Segol and Pinder, 1976;
Souza and Voss, 1987), brine movement on a basin
scale (Senger, 1993; Lahm et al., 1998; Dutton et al.,
1989), and evaporation (Stein and Schwartz, 1990;
Sanford and Wood, 1991; Wood and Sanford,
1995). Our study differs in both the scale of the flow
system and the mechanism of salinization.
2. Hydrogeologic setting
The Palo Duro and Anadarko basins are part of the
intracratonic greater Permian basin, which formed as
a result of late Paleozoic tectonic activity. The two
smaller basins are separated by the fault-bounded,
structurally high basement rocks of the Amarillo
uplift (Fig. 1). The main topographic feature is the
High Plains, which is separated from the Pecos Plains
to the west by the Pecos River and from the Rolling
Plains to the east by the eastern Caprock Escarpment.
The Canadian River divides the Southern High Plains
from the Central High Plains. In the northern part of
the Southern High Plains, average annual precipita-
tion is 50 ^ 10 cm and average annual pan evapora-
tion is 250 ^ 25 cm (Gutentag et al., 1984; Luckey
and Becker, 1999). The Neogene Ogallala Formation
and Triassic Dockum Group form shallow aquifers,
which are underlain by thick Permian evaporites
(Table 1 and Fig. 2).
The unconfined Ogallala aquifer, which is the main
water supply unit for the Southern High Plains,
consists of fluvial sediments and fine-grained eolian
silts and clays (Fig. 2). Estimated recharge rates vary
from 0.145 cm year21 (Knowles et al., 1984; Senger
and Fogg, 1987) to 0.9 cm year21 (Mullican et al.,
1997). Most of the recharge is focused through playas
(ephemeral lakes that collect recharge) in the northern
part of the Southern High Plains (Scanlon and Gold-
smith, 1997). Ground water flows toward the north-
east, following the regional topographic slope, and
discharges naturally through springs and seeps along
the Canadian River to the north and the Caprock
Escarpment to the east (Mullican et al., 1997) (Fig.
1). The average flow velocity is 0.18 m day21
(Knowles et al., 1984) and average hydraulic
conductivity is 8 m day21 (Senger and Fogg, 1987;
Senger and Fogg, 1990; Mullican et al., 1997). The
chemical composition of Ogallala ground water varies
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Table 1
Generalized stratigraphic and hydrostratigraphic column for the
study area (modified from Bassett and Bentley, 1983; Gustavson,
1986)
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Fig. 2. Stratigraphic cross-section used for creating the numerical model. Line of cross-section (A–A 0) is shown in Fig. 1 relative to plume dimensions. Modified from McGookey et
al. (1988) and Dutton et al. (1982).
from Ca-HCO3 to mixed-cation-HCO3 water (Nativ
and Smith, 1987). Pumping for irrigation started
around 1911 and increased significantly after World
War II. Water volumes currently being withdrawn
from the aquifer are greater than the annual recharge
and some areas have experienced water level declines
of as much as 15 m between 1940 and 1980 (Dugan et
al., 1994). Thus sustainability of ground-water
resources is a major concern in this region.
The principal shallow confined aquifer is in the
lower part of the Triassic Dockum Group, which is
composed of sandstones and mudstones (Dutton and
Simpkins, 1986; Dutton and Simpkins, 1989) (Fig. 2).
The Dockum Group thins northeastward and pinches
out approximately 40 km southwest of the western
edges of the saline plumes. Present-day recharge to
the Dockum aquifer is primarily through downward
leakage from the Ogallala aquifer (Dutton, 1989;
Dutton, 1995). The flow in the lower Dockum
Group in the study area is toward the east-northeast
and the water quality is marked by a mixed cation and
mixed anion hydrochemical facies with TDS gener-
ally ,2000 mg l21 (Dutton and Simpkins, 1986;
Dutton and Simpkins, 1989).
The Middle and Upper Permian evaporite-
confining unit consists of halite, anhydrite, dolo-
mite, limestone, and fine-grained siliciclastic red
beds (Bassett and Bentley, 1983; Jorgensen et al.,
1988) (Fig. 2). In the vicinity of the plumes, the
Upper Permian Whitehorse Group, which is
composed predominantly of siliciclastic red beds
and minor evaporites (McGookey et al., 1988), is
unconformably overlain by the Ogallala Formation.
The Whitehorse Group can have significantly
higher permeability than the underlying evaporite
strata and locally acts as an aquifer where the
Ogallala Formation and Dockum Group are thin
or absent, such as at the margins of the Southern
High Plains (Long, 1961). Several salt-dissolution
zones have been identified within the upper part of
the evaporite-confining unit (Gustavson et al.,
1980; McGookey et al., 1988) (Fig. 2). These
zones seem to have developed as a result of shal-
low, gravity-driven circulation of meteoric water
(Dutton, 1989). Hydraulic conductivity ranges from
0.5 m day21 in salt-dissolution zones to less than
1025 m day21 for the deeper parts of the confining unit
(Dutton, 1989) and TDS varies from 5000 mg l21 to
.300,000 mg l21, respectively (Nativ and Smith,
1987; Dutton, 1987; Bein and Dutton, 1993).
Dissolution is most extensive on the upturned flanks
of the structurally high areas at the margins of the Palo
Duro and Anadarko basins above the Amarillo uplift,
where salt beds are nearest to land surface (Gustavson,
1986). As a result, the Whitehorse Group and equivalent
formations have undergone more extensive dissolution
compared to deeper units. The San Andres Formation
has undergone limited dissolution, primarily toward the
northeastern part of the study area. The Clear Fork
Group forms the lower part of the evaporite-confining
unit and does not undergo dissolution. Halite is the
dominant lithology (Fig. 2).
In the Palo Duro basin, brine occurs in the halite-
and anhydrite-cemented carbonate rocks of the San
Andres Formation, whereas south of the Palo Duro
basin, San Andres carbonates are significant oil reser-
voirs. The thickest San Andres carbonate bed in the
Palo Duro basin, the informally named “unit 4
carbonate”, yielded 0.35–2 m3 day21 of brine during
drill-stem testing and long-term pumping (Dutton and
Orr, 1986). Near-hydrostatic pressures exist in the San
Andres Formation at depths of 790–927 m (6.76–
9.03 MPa) (Dutton and Orr, 1986), but at greater
depths, the San Andres Formation and Clear Fork
Group show appreciable underpressuring, leading to
potential downward cross-formational flow (Bair,
1987). Several reasons for underpressuring have
been proposed and discussed by Bair (1987). An
overall eastward flow is inferred for the San Andres
Formation on the basis of a potentiometric surface
map derived from equivalent freshwater heads (Bair,
1987).
3. Plume characterization
Mehta et al. (2000) mapped the Carson-Gray
Counties plume, using chloride and sulfate data
from existing records. Since then, more test wells
have been drilled for the City of Amarillo and the
Canadian River Municipal Water Authority
(CRMWA) (Harden and Associates, 1999a, b; Lee
Wilson and Associates, personal communication,
1999). These wells are located in Roberts County,
where previous data were limited due to scarcity of
monitoring wells. An updated map based on chloride
S. Mehta et al. / Journal of Hydrology 238 (2000) 44–6448
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Fig. 3. Plume outlines based on chloride concentrations. Contours are 50 and 150 mg l21. Diamonds indicate wells logged in this study. Circles and plus symbols represent well data
from Harden and Associates (1999b) and Texas Water Development Board database, respectively. Cross-sections A–A 0 and B–B 0 are shown in Fig. 5a and b, respectively.
concentrations shows two plumes of combined areal
extent .1000 km2 (Fig. 3). Sulfate concentrations
have similar spatial distributions. The areal extent of
the plumes and the distinct zones of high concentra-
tions within the plumes indicate a regional source of
salinity that is neither localized nor completely
diffuse. Chloride and sulfate data of water samples
from wells drilled in Roberts County (Fig. 4) fall in
the compositional field of plume waters reported for
Carson-Gray Counties plume by Mehta et al. (2000),
indicating that both plumes have similar origins. The
presence of the Canadian River to the north and prob-
able dilution downgradient limits the known extent of
the plumes. Salinization may be more extensive than
mapped because the present plume geometry is
controlled in part by the number and locations of
monitoring wells.
We expected salinity within the plumes to increase
with depth. In order to study the vertical distribution
of salinity, four windmills were selected for fluid
resistivity logging within the Carson-Gray Counties
plume. No details of well construction were known
for any of these windmills prior to this study. The
selection criteria were based on the location with
respect to the plume geometry and the distance from
irrigation wells. All four windmills are located at least
1 km from known active irrigation wells. Three wind-
mills are located close to the center of the Carson-
Gray Counties plume, and the fourth is located close
to the edge of the plume (Fig. 3). Two of the four
windmills had not been in use for more than two
months before sampling, while the other two were
continuously pumping. For all windmills, the
production pipes, sucker rods, and check valves
were pulled out at least 24 h prior to logging so that
quasi-equilibrium conditions of solute distribution
could return. Down-hole geophysical logging was
carried out with a slim multifunction logging tool.
Logging activities consisted of recording fluid
temperature and fluid resistivity as well as natural
gamma ray and caliper. The fluid resistivity logs
were combined with corresponding temperature logs
S. Mehta et al. / Journal of Hydrology 238 (2000) 44–6450
Fig. 4. SO4/Cl vs. Cl bivariate plot for end-member waters in the region (modified from Mehta et al., 2000).
to compute the fluid resistivity (ohm-m) normalized to
258C according to the formula (Paillet et al., 1990):
RT2  RT1T1 1 21:5=T2 1 21:5
and then converted to estimates of TDS (mg l21)
according to the relation (Fishman and Friedman,
1989):
TDS  0:65 £ 104=RT2
where R(T1) is the resistivity given at temperature
T1(8C) that is extrapolated to the resistivity R(T2) at
another temperature, T2 (258C in this study).
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Fig. 5. (A) Fluid resistivity logs of selected windmills along cross-section A–A 0 shown in Fig. 3.
The computed TDS profiles of the three windmills
located close to the center line of the plume are shown
in Fig. 5a. The Eakin well is screened across the
bottom of the Ogallala aquifer and the underlying
Upper Permian red beds. It displays strong salinity
stratification with depth and TDS systematically
increases to approximately 4000 mg l21 near the
bottom of the well. The Dawkins well is screened
within the Ogallala aquifer and exhibits a gradual
increase in TDS with depth that is an order of magni-
tude less than that observed for the Eakin well. The
Campbell well displays intermediate TDS values that
are more uniform with depth, probably because it is
screened a considerable distance (.40 m) above the
base of the Ogallala aquifer. The fourth windmill
located south of the plume (Fig. 3) had a small satu-
rated interval (,2 m) and did not show any salinity
variation (log not shown).
In a study by Harden and Associates (1999a,b),
geophysical logging was performed for 33 wells and
water quality was analyzed for five test wells in
Roberts County. All wells were screened within the
Ogallala aquifer and many show increasing salinity
with depth, as shown along cross-section B–B 0 (Fig.
5b). One of the test wells (located near the northwes-
tern end of cross-section B–B 0 in Fig. 3) had TDS of
13,000 mg l21 with chloride .7500 mg l21. The
water sample from this well is plotted in Fig. 4 as
an open triangle (plume water) located near the
salt-dissolution zone waters and may represent
mixing of salt-dissolution zone water with Ogallala
water via cross-formational flow. The mixing zone
cannot be mapped accurately because of the
presence of the Canadian River to the north and
the lack of wells.
In a separate study within Roberts County, Lee
Wilson and Associates (personal communication,
1999) logged and sampled 11 test wells. Their results
also show increasing salinity with depth (in one test
well, Cl concentrations increased from 7 to
730 mg l21 within a 100-m interval). Both Fig. 5a
and 5b document that the saturated thickness of the
S. Mehta et al. / Journal of Hydrology 238 (2000) 44–6452
Fig. 5. (B) Chloride zonation for selected wells along cross-section B–B 0 shown in Fig. 3 (after Harden and Associates, 1999b).
Ogallala aquifer, by itself, does not control the salinity
distribution. The saturated thickness of the Ogallala
aquifer within the study area ranges from 15 to
.100 m and the hydraulic conductivity ranges from
1 to 28 m day21 (Mullican et al., 1997).
4. Numerical modeling
Mehta et al. (2000) hypothesized that salinization
results from gravity-driven cross-formational circula-
tion along flow paths tens of km long. We test this
hypothesis and observe the effects of pumping on
salinity in the Ogallala aquifer by using the numerical
model SUTRA (Voss, 1984). SUTRA employs a two-
dimensional, finite-element method, with an implicit
finite-difference approximation in time to simulate
variable-density ground-water flow and solute trans-
port. The method is stable and accurate when used
with proper spatial and temporal discretization.
The fluid mass balance under saturated conditions
can be expressed as (Voss, 1984):
21r=2t  27·1rV1 Qp
where 1 (x,y,t) is a dimensionless porosity, r (x,y,t) is
the fluid density, V(x,y,t) is the average fluid velocity,
Qp(x,y,t) is a fluid source or sink, x and y are coordi-
nate variables, t is time, and 7 is the divergence
operator. This equation can be expressed in terms of
two primary variables, p (pressure) and C (TDS
concentration):
rSop2p=2t 1 12r=2C2C=2t 2 7·rk=m·7r 2 rg
 Qp
where Sop  1 2 1a 1 1b is specific pressure
storativity, a is porous matrix compressibility, b is
fluid compressibility, C(x,y,t) is solute concentration
as a mass fraction, k(x,y) is permeability, m (x,y,t) is
fluid viscosity, p(x,y,t) is fluid pressure, and g is
gravitational acceleration.
The solute mass balance for a single species at a
point (x,y) in an aquifer is given by (Voss, 1984):
1r2C=2t1 1rV·7C 2 7·1rDmI 1 D·7C
 QpCp 2 C
where Dm is molecular diffusivity of a solute in solu-
tion in a porous medium, I is the identity tensor,
D(x,y,t) is the dispersion tensor, Cp(x,y,t) is concen-
tration of solute as a mass fraction in the source fluid,
and r(x,y,t) is fluid density given as a linear function
of concentration:
r  ro 1 2r=2CC 2 Co
where r o is fluid density when C  Co; Co is a base
solute concentration, and 2r=2C is a constant coeffi-
cient of density variability.
4.1. Conceptualization, spatial discretization, and
boundary conditions
A cross-section of length 200 km and depth ranging
from 900 to 500 m was chosen for modeling (Fig. 2).
The cross-section approximately parallels the Carson-
Gray Counties plume orientation and the regional
flow gradient for both the Ogallala and Dockum
aquifers. We chose the length of the cross-section
on the basis of well locations with good stratigraphic
control and to include part of the Dockum Group.
Upper and Middle Permian formation boundaries
were delineated by lithologic and geophysical logs
presented by McGookey et al. (1988). Thickness
variations for the Ogallala and Dockum aquifers
were incorporated from Mullican et al. (1997) and
Dutton and Simpkins (1986), respectively. The top
of the model was taken to be the 1959–1960 water
table for the Ogallala aquifer. This surface approxi-
mates steady-state conditions because most of the
irrigation pumping in the region started after 1960.
Furthermore, pre-1960 water-level data are lacking
because of scarcity of monitoring wells. Previous
modeling studies in the region (Knowles et al.,
1984; Mullican et al., 1997) also considered the
1959–1960 water table to represent steady-state
conditions. The base of the model was arbitrarily
chosen within the Middle Permian Clear Fork
Group, which forms a good confining unit. The
model cell thickness in third dimension is 1 m.
Modeling was performed using the US Geological
Survey’s graphical-user interface for SUTRA
(SUTRA GUI) as a plug-in extension (PIE) to Argus
ONEe (Argus Open Numerical Environments,
commercial software developed by Argus Interware).
We focused on accurately discretizing the geologic
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units in order to have a distinct top and bottom with
finite elements aligned along the boundaries. A
Fishnet Mesh (provided in SUTRA PIE) was used
for this purpose (Voss et al., 1997). It consists of
superblocks (large contiguous quadrilaterals), each
subdivided into a specified number of quadrilateral
finite elements such that the edges of the quadrilateral
are connected to each internal node in x- and y-
directions. The mesh density can be varied within
the model domain at user-specified locations.
The model cross-section was discretized into 180
elements in the horizontal direction and 32 elements
in the vertical direction, resulting in a mesh containing
5760 quadrilateral elements and 5973 nodes. The
horizontal mesh spacing varied from 700 to 1400 m,
with finer discretization in the vicinity of the plume
and near the pinchout of the Dockum Group. The
vertical spacing was determined by trial and error
and ranged from 3 m for the Ogallala aquifer to
60 m for the Clear Fork Group. A grid convergence
study was performed to insure proper grid discretiza-
tion: a much finer grid (with grid spacing half of that
used in the model) did not produce any appreciable
difference in velocity and concentration distributions,
despite being more computationally expensive.
The boundary conditions for simulation of flow and
solute transport for the cross-section are shown in Fig.
6. A no-flow boundary is specified along the bottom of
the mesh. The lateral boundaries from the top to the
base of the San Andres Formation are specified pres-
sure boundaries using fresh-water hydrostatic pres-
sure (p) varying linearly with depth such that
p  rwgd; where rw is the density of fresh water, g
the gravitational acceleration, and d the depth below
the water table. No-flow lateral boundaries are speci-
fied across the Clear Fork Group. A uniform recharge
flux of 6 mm year21 is applied at the top boundary.
This value was selected on the basis of modeling
results presented by Knowles et al. (1984), Mullican
et al. (1997) and Luckey and Becker (1999). Mullican
et al. (1997) also found that using either areally-
distributed recharge or playa-focused recharge gave
similar results in predevelopment simulations for the
Ogallala aquifer.
The solute concentrations at the lateral boundaries
also vary. On the southwest (left) specified-pressure
boundary, the concentrations given are 0.0002 kg
TDS kg21 fluid (200 mg l21) for the Ogallala aquifer,
0.001 kg TDS kg21 fluid (1000 mg l21) for the
Dockum Group, 0.005 kg TDS kg21 fluid
(5000 mg l21) for the Whitehorse Group, and 0.3 kg
TDS kg21 fluid (300,000 mg l21) for the San Andres
Formation. On the northeast (right) specified-pressure
boundary, the concentrations are the same, except the
Ogallala aquifer is given an arbitrary concentration of
0.001 kg TDS kg21 fluid (1000 mg l21) along the
Canadian River. The Canadian River is gaining
along this reach but carries solute load derived largely
from saline seepage in eastern New Mexico (Paine et
al., 1994; Mullican et al., 1997). All nodes within the
Clear Fork Group were assigned a constant concen-
tration of 0.3 kg TDS kg21 fluid (30 wt% NaCl), an
approximate value for halite saturation at the depth of
interest. For the recharge flux at the top boundary,
zero concentration is defined. Solutes neither disperse
nor advect across the no-flow boundaries.
4.2. Model parameters
Permeability values for modeled hydrologic units
are listed in Table 2. Values were taken from Senger
and Fogg (1987) and later modified where newer data
were available. For salt-dissolution zones, the perme-
ability values range from 10213 to 10217 m2 (Dutton,
1989). An average salt-dissolution zone permeability
was taken for the Whitehorse Group on the basis of
mapping of salt-dissolution zones by Gustavson
(1986). Hydraulic conductivity data for the Ogallala
aquifer are relatively abundant. Xiang (1996)
calculated values ranging from 2.2 to 5.1 m day21
for the City of Amarillo Carson County well field
(ACCWF). Mullican et al. (1997) calculated hydraulic
conductivity values of 0.5–28 m day21 from specific
capacity tests. For this model, initial permeabilities
for the Ogallala aquifer were calculated from existing
hydraulic conductivity data and later modified within
the range of published values. Vertical permeabilities
for the Ogallala aquifer are taken to be an order of
magnitude lower than horizontal permeabilities.
The longitudinal and transverse dispersivities
listed in Table 2 are estimated values, which are
governed in part by the practical limitations
imposed by the mesh size. Dispersivities have
not been measured in the study area. A discretiza-
tion rule-of-thumb that guarantees spatial stability
for simulation with SUTRA is DLL # 4 aL, where
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DLL is the maximum element length along a
streamline and aL is the longitudinal dispersivity.
Given a maximum element length parallel to flow
of 1400 m, a value of aL  400 m is appropriate.
Longitudinal concentration gradients are small in
the region and thus the model is not sensitive to
longitudinal dispersivity values, despite anisotropic
permeabilities in the multilayer model.
Transverse dispersivity (aT) values are typically an
order of magnitude smaller than longitudinal disper-
sivity values (Gelhar et al., 1992), but may be as much
as two orders of magnitude smaller in systems with
anisotropic permeability (Gelhar and Axness, 1983).
We assume aT  10 m: Matrix compressibility values
range from 1028 Pa21 for sandy gravel to 10210 Pa21
for sound rock (Domenico and Schwartz, 1997).
Because most of the recoverable water is stored in
the Ogallala aquifer, a value of 1028 Pa21 was used
in the model. The fluid compressibility (for water at
258C) was taken to be 4:8 £ 10210 Pa21: All model
parameters are summarized in Table 2.
4.3. Steady-state simulation
To produce reasonable pressure and concentration
distributions to represent initial conditions for the
pumping simulations, a steady-state variable-density
simulation was run. Using boundary conditions
described above, a steady-state solution is found by
long-term transient simulation from arbitrary initial
conditions until the system stabilizes. A recharge
flux of 0.038 kg s21 per cross-sectional thickness of
1 m (6 mm year21) is used at the top of the model,
which corresponds to the 1959–1960 water table.
In a separate simulation, a specified pressure of
zero was assigned to the top layer of the model in
S. Mehta et al. / Journal of Hydrology 238 (2000) 44–64 55
Table 2
Model parameters
Permeability (m2) Porosity
Horizontal Vertical
Ogallala aquifer 4 £ 10212–4 £ 10211 4 £ 10213–4 £ 10212 0.16
Dockum Gp. 9.4 £ 10213 9.4 £ 10214 0.1
Whitehorse Gp. 7 £ 10215 7 £ 10217 0.1
San Andres Fm. 9.8 £ 10217 9.8 £ 10217 0.05
Clear Fork Gp. 2.7 £ 10219 2.7 £ 10219 0.05
Model cell thickness (third
dimension)
 1 m
Freshwater density (rw)  1000 kg m23
Fluid viscosity (m)  1023 kg m s21
Coefficient of fluid density
change (2r /2C)
 700 kg m23
Water compressibility (b)  4.8 £ 10210 Pa21
Matrix compressibility (a)  1 £ 1028 Pa21
Longitudinal dispersivity (aL)  400 m
Transverse dispersivity (aT)  10 m
Molecular diffusivity (Dm)  1.5 £ 1029 m2 s21
Recharge  6 mm year21
Extent of influence of a well (L)  700 m
Well discharge (Qw):
Well B  0.44 m3 min21 (1960–1974)
0.72 m3 min21 (1975–1990)
Wells A and C  0.15 m3 min21
Pump discharge (line sink)  (Qw £ rw)/L
Well B  1.05 £ 1022 kg s21 (1960–1974)
1.71 £ 1022 kg s21 (1975–1990)
Wells A and C  3.58 £ 1023 kg s21
place of the recharge flux, keeping all other boundary
conditions and model parameters unchanged. This
was done to test the validity of the recharge flux and
to observe whether similar flow dynamics develop
using two different representations of the boundary
condition. The new representation produced similar
flow dynamics, which strengthened our choice of
boundary conditions and added support to our original
model results. A comparison of velocity profiles along
a single row of the model located in the center of the
Ogallala aquifer for both simulations gives an average
velocity of 0.22 m day21 (Fig. 7), which matches well
with the average velocity of 0.18 m day21 reported by
Knowles et al. (1984). The approximate calculated
velocity of 0.09 m day21 within the paleovalley (at a
distance of 60 km along the cross-section) is in the
range of velocities computed from the travel times
presented by Mullican et al. (1997) for that area.
A steady-state concentration distribution (Fig. 8)
shows three specific regions of elevated concentration
in the Whitehorse Group (marked by contour of
0.01 kg TDS kg21 fluid [10,000 mg l21]); one is
beneath the plume. Incidentally, this is an area
where the base of the Ogallala aquifer is also rela-
tively low. The elevated concentration close to the
southwest (left) boundary occurs in an area where
the tops of the San Andres and the Clear Fork units
are angled upwards, but the concentrations drop
sharply within a small distance, indicating that the
underlying structure is not the primary control.
Rather, the small thicknesses of both the overlying
Ogallala and Dockum aquifers in that area exert the
primary control, resulting in reduced leakance to the
Whitehorse Group.
Fig. 8 shows the flow paths and the regions of
upward flux interpreted from a velocity vector plot.
The flow paths, which are typically on the order of
tens of km and in some places .100 km in length,
indicate cross-formational discharge influenced by
topography. Velocities vary for different flow paths
based on the leakance and permeability of units.
Beneath the Carson-Gray Counties plume, upward
discharge along two different flow paths occurs in
the Whitehorse Group. The shorter flow path (30–
50 km length) originates from the northeast (right)
side of the paleovalley upgradient of the plume and
follows the topographic slope before intercepting the
base of the Ogallala aquifer. The longer flow path
(.100 km) originates largely within the Dockum
aquifer. Part of this flow may discharge upward
toward the southwest (left) side of the paleovalley,
while the rest of it moves within the Whitehorse
Group before discharging in the plume area. The
upward directed flow at the base of the Ogallala
aquifer has velocities ranging from 1027 to
1028 m day21 and TDS .3000 mg l21. The resulting
upward discharge is calculated to range from 2 £ 1025
to 6 £ 1024 m3 day21 and the horizontal flow
velocities range from 1025 to 1024 m day21 in the
Whitehorse Group.
It is important to note that upward flow occurs only
in certain regions of the model, which is consistent
with the spatial extent of the zones of higher concen-
trations within the plume (Fig. 3). The identified flow
paths and flow velocities suggest that the upward-
discharging Whitehorse Group waters beneath the
Carson-Gray Counties plume could have been
recharged during the Pleistocene or earlier times.
This observation is consistent with previous interpre-
tations by Dutton (1989, 1995) based on 14C, d 18O,
and dD values in salt-dissolution zones and the
Dockum aquifer and by Mehta et al. (2000) based
on d 18O and dD values of plume waters and end-
member mixing calculations.
The other two regions of upward discharge
identified in the Whitehorse Group occur toward the
southwest (left) side of the paleovalley and near
the northeast (right) boundary of the model close to
the Canadian River (Fig. 8). Despite the upward
discharge to the Ogallala aquifer, no saline plume
has been reported for these two regions in previous
studies. This is probably a result of greater thickness
of the Ogallala aquifer in the paleovalley, leading to
dilution of salinity, and lack of wells close to the
Canadian River, where the saturated thickness is
small. The elevated concentrations close to the north-
east (right) boundary of the model occur because of
upward flow from the Whitehorse Group. The
elevated concentrations may in part result from the
increased hydraulic gradient and decreased thickness
of the Ogallala aquifer, leading to higher horizontal
flow velocities (Fig. 7) and decreased vertical
leakance in the Whitehorse Group. This region of
upward flow in the Whitehorse Group is consistent
with the pressure data presented by Bair (1987) and
the existence of near-surface salt-dissolution zones
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Fig. 6. Model cross-section showing boundary conditions.
Fig. 7. Model cross-section velocity comparison for Ogallala aquifer (along a row).
(Gustavson et al., 1980). Furthermore, chemical
analyses indicate that brines in the Rolling Plains,
east of the Caprock Escarpment, have a shallow
meteoric origin rather than a deep-basin origin (Rich-
ter and Kreitler, 1986).
Several other flow paths are indicated beneath the
Whitehorse Group. Although the flow velocities are
smaller, the regions of upward discharge match. The
primary controls seem to be the structure and thick-
ness variations within the units themselves relative to
the location of recharge areas. The structure and
thickness variations have been indirectly affected by
the underlying Amarillo uplift and salt-dissolution
zones (Gustavson, 1986). Permian strata follow the
subsurface rise caused by the uplift and thin at
higher elevations near the margins of the adjoining
basins. Regions of upward discharge identified
generally correspond with the location of observed
salt-dissolution zones (Fig. 2).
4.4. Transient-state simulation
Transient-state simulations were undertaken to
observe the effects of pumping on depressurizing the
S. Mehta et al. / Journal of Hydrology 238 (2000) 44–6458
Fig. 8. Concentration distribution (kg TDS kg21 fluid), flow paths, and regions of upward discharge under steady-state conditions for the model
cross-section. Only selected concentration contours and flow paths are shown.
Ogallala aquifer and on salinity variations. Fig. 9
shows the actual water table variation along the
model cross-section between years 1959–1960 and
1990. In most areas, the water-table decline is rela-
tively small, indicating lack of significant pumping in
the vicinity of the Carson-Gray Counties plume. The
maximum water-table decline observed is in the
paleovalley, where the ACCWF is located; the model
cross-section passes nearly through the center of the
well field (Fig. 1). Along other parts of the cross-
section, municipal wells are not known to exist
(Coker et al., 1992), so pumping for irrigation is likely
to be the main source of discharge. Pumping rates for
wells in the ACCWF (from 1960 to 1990) are reason-
ably well known, but rates for irrigation wells are
poorly known. ACCWF wells are pumped year-
round; the average production rate per well for the
period 1960–1990 is 0.58 m3 min21 (Mullican et al.,
1997). This 30-year period can be divided into two
parts, between which the pumping rates changed
appreciably. From 1960 to 1974, the pumping was
fairly uniform at a rate of 0.44 m3 min21
(7.33 kg s21) per well, while the average rate of
pumping for the period 1975–1990 was
0.72 m3 min21 (12 kg s21) per well. An irrigation
well in the study area typically produces at a rate of
approximately 2.65 m3 min21 for roughly 1500–
2000 h year21, which is equivalent to an annual rate
of 0.45–0.6 m3 min21 (Mullican et al.,1997). This
pumping rate can vary significantly depending on
the type of irrigated crop, area of the irrigated field,
and seasonal rainfall.
Three pumping wells (shown in Fig. 6) are simu-
lated for a period of 30 years. Well C is located within
the plume, while Well A is in an area where a signifi-
cant decline in the water table has occurred. Wells A
and C are considered to be irrigation wells, while Well
B simulates an ACCWF well (with the pumping rate
changing in 1975 as noted above and in Table 2). In
the model we started with an initial value of
0.45 m3 min21 to simulate an irrigation well, but we
modified the pumping rate to match the observed
water levels, which are known with a greater degree
of accuracy. The final pumping rate used for each
irrigation well was 0.15 m3 min21 (2.5 kg s21).
Simulation of a pumping well presents problems
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Fig. 9. Profiles for model cross-section comparing 1959–1960 and 1990 water tables.
because the flow to the pumping well is convergent
and radial, while the two-dimensional model permits
only parallel flow in the plane of the model. To
overcome this problem, we employed a technique
similar to that used by Narayan and Armstrong
(1995). The well is replaced by a line sink of magni-
tude equivalent to the total well discharge divided by
the longitudinal extent of the influence of the well.
The extent of influence is taken to be 700 m, the
approximate minimum spacing between wells in the
ACCWF. The value obtained is then equally distrib-
uted among nodes representing the bottom two-thirds
of the saturated thickness of the Ogallala aquifer, as
wells are typically screened in a similar fashion in the
region.
Xiang (1996) analyzed the pumping test data for
ACCWF wells. He observed steady-state conditions
developing within 14 h of pumping and a late-time
delayed drainage effect from release of water from
storage. We calculated the storativity (S) by using
the formula S  rwghSop; where rw is the density of
fresh water, g the gravitational acceleration, h the
saturated thickness, and Sop the specific pressure stor-
ativity defined earlier. Considering values of h
ranging from 50 to 100 m (typical for the study
area), the calculated values of S  4 £ 1023 to 8 £
1023 are in the range of storativity values reported
by Xiang (1996) for the Ogallala aquifer.
The result of pumping from Well B is shown in Fig.
10 for the 30-year simulation period. The modeled
water-level decline is compared with data from
ACCWF wells and irrigation wells in the vicinity on
the basis of relative change from the 1960 water level
(steady-state conditions). Considering the variability
in pumping histories of the wells, a good match exists
between the simulated and observed declines. Water-
level data between 1960 and 1979 are not available for
ACCWF wells, although the rate of decline is esti-
mated to be approximately 1 m year21. Simulation
results for Wells A and C also compare well with
the observed water-level declines. These results
show that our choices of model parameters and pump-
ing rates are reasonable.
To study the effect of pumping on changes in
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Fig. 10. Simulated water level decline for Well B from 1960 water level after 30 years of pumping, as compared with irrigation wells in the
vicinity and wells from ACCWF.
salinity, concentrations are observed at a representa-
tive node near the base of the Ogallala aquifer for each
of the simulated wells (Fig. 11). A small concentration
increase occurs over a period of 30 years. Vertically
averaged TDS concentrations from two nearby
ACCWF wells are also plotted; these concentrations
have not changed appreciably during the period of
monitoring (1988–1998). Both ACCWF wells have
screened intervals of .90 m and have been in opera-
tion since 1959. These observations strengthen our
finding that pumping has had a negligible effect on
salinity distributions in the Ogallala aquifer.
In the underlying Whitehorse Group, the upward
velocity component under Well B increased by as
much as three orders of magnitude, while that for
Wells A and C increased by as much as two orders
of magnitude. The 30 years of continuous pumping
has influenced velocities down to a depth of 150 m
below the base of the Ogallala aquifer for Well B
and to a depth of 90 m for Wells A and C. Pumping
effects on salinity may become more significant with
continued water-table decline.
4.5. Sensitivity analyses
A sensitivity analysis was performed to determine
the model response to changes in permeability,
recharge, dispersivity, diffusion coefficient, and
matrix compressibility. Ranges in permeability and
recharge rates are constrained by previous modeling
and field studies, but ranges in other parameters have
not been determined in the field. Because the water-
table elevations are well known, any change in
recharge rate warrants corresponding changes in the
permeability distribution (and vice versa) to simulate
the water-table geometry. For a single row in the
model within the Ogallala aquifer the calculated
average velocities are 0.08 m day21 for a recharge
of 1.5 mm year21 and 0.22 m day21 for a recharge
of 6 mm year21. The concentrations observed in the
Ogallala aquifer are typically an order of magnitude
higher for the recharge rate of 1.5 mm year21
compared to those for 6 mm year21. The model is
fairly insensitive to the vertical permeability within
the Dockum aquifer. Decreasing the vertical perme-
ability by an order of magnitude did not appreciably
change the velocity distribution in the model. This is
probably because the extent of the Dockum aquifer
modeled is minor compared to the model size.
Sensitivity analyses for transverse dispersivity and
the molecular diffusivity were carried out under
steady-state conditions as these parameters do not
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Fig. 11. Simulated variation in TDS concentration with pumping for Wells A, B, and C.
affect the velocity distribution in the Ogallala aquifer.
Concentrations were observed for nodes located at
Well B across the entire thickness of the Ogallala
aquifer. Varying the transverse dispersivity between
1 and 15 m produced an increase in TDS from about
400 to 650 mg l21, while varying the molecular diffu-
sivity between 10210 m2 s21 and 1028 m2 s21
produced an increase in TDS from about 250 mg l21
to 3900 mg l21. Sensitivity analyses for matrix
compressibility were carried out under transient
conditions. Varying the matrix compressibility from
1028 Pa21 to 10210 Pa21 (two orders of magnitude
change) produced a head decline of about 30 to
80 m in Well B after 30 years of pumping. The
model is insensitive to longitudinal dispersivity.
Concentrations and velocity distributions do not
appear to change for density-dependent vs. non-
density-dependent flow.
5. Conclusions
Salinization has affected an area of the Ogallala
aquifer .1000 km2 in the northern part of the
Southern High Plains. We mapped two plumes in a
four-county area on the basis of chloride and sulfate
concentrations. The present areal extent of the
Carson-Gray Counties plume is greater than
previously reported. Distinct zones of higher salinity
within the plume are separated by zones of lower
salinity. In higher salinity zones, concentrations
increase with depth, as indicated by fluid resistivity
logs.
Geochemical studies suggested that the salinity is
a result of cross-formational flow from underlying
evaporite units, but the actual flow paths were not
known. In order to study the flow processes
involved and to delineate the factors controlling
the plume characteristics, we performed numerical
modeling of variable-density flow and solute trans-
port using SUTRA. Three regions (including the
observed plume area) have been identified where
increased salinity exists within the Whitehorse
Group below the Ogallala aquifer. In the south-
western part of the cross-section, the increased
salinity is controlled by the geometry of the under-
lying San Andres Formation and the decreased
thickness of the overlying Dockum and Ogallala
aquifers. In the other two regions, increased salinity
is attributed to natural cross-formational discharge
along distinct flow paths as influenced by topo-
graphy. The flow paths are typically on the order
of a few tens of kilometers to more than 100 km
in length. The flow velocities within the Whitehorse
Group range from 1027 to 1028 m day21, and
TDS concentrations below the Ogallala aquifer
are typically .3000 mg l21 where the Dockum
Group is absent. The waters present under the
Carson-Gray Counties plume, where upward dis-
charge is calculated to range from 2 £ 1025 to 6 £
1024 m3 day21; could have been recharged during
Pleistocene or earlier times. On-going pumping
has had a negligible effect on salinity distri-
butions in the Ogallala aquifer, but has affected
velocity distributions in underlying units to depths
of 150 m.
Results of this study indicate that salinization of
the Ogallala aquifer is a slow, ongoing process. The
primary controls on ground-water flow in the study
area seem to be the structure and variations in thick-
ness within the various units relative to the location
of recharge areas. These variations have been indir-
ectly affected by the underlying Amarillo uplift and
salt-dissolution zones. Because the distribution of
saline ground water is heterogeneous, careful areal
and vertical characterization is warranted prior to
well-field development in this region of the Ogallala
aquifer.
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